The activation of group I metabotropic glutamate receptors (mGluRs) produces a variety of actions that lead to alterations in excitability and synaptic transmission in the CA1 region of the hippocampus. The group I mGluRs, mGluR1 and mGluR5, are activated selectively by (S)-3,5-dihydroxyphenylglycine (DHPG). To identify which of these mGluR subtypes are responsible for the various actions of DHPG in area CA1, we took advantage of two novel subtype-selective antagonists. (S)-(ϩ)-␣-amino-a-methylbenzeneacetic acid (LY367385) is a potent competitive antagonist that is selective for mGluR1, whereas 2-methyl-6-(phenylethynyl)-pyridine (MPEP) is a potent noncompetitive antagonist that is selective for mGluR5. The use of these compounds in experiments with whole-cell patch-clamp recording and Ca 2ϩ -imaging techniques revealed that each group I mGluR subtype plays distinct roles in regulating the function of CA1 pyramidal neurons. The block of mGluR1 by LY367385 suppressed the DHPG-induced increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and the direct depolarization of CA1 hippocampal neurons. In addition, the increase in the frequency of spontaneous IPSCs (sIPSCs) caused by the DHPG-induced depolarization of inhibitory interneurons also was blocked by LY367385, as was the DHPG-induced inhibition of transmission at the Schaffer collateral3CA1 synapse. On the other hand, the block of mGluR5 by MPEP antagonized the DHPG-induced suppression of the Ca 2ϩ -activated potassium current (I AHP ) and potentiation of the NMDA receptor. Finally, antagonism of the DHPG-induced suppression of evoked IPSCs required the blockade of both mGluR1 and mGluR5. These data suggest that mGluR1 and mGluR5 play distinct roles in the regulation of the excitability of hippocampal CA1 pyramidal neurons.
The activation of group I metabotropic glutamate receptors (mGluRs) produces a variety of actions that lead to alterations in excitability and synaptic transmission in the CA1 region of the hippocampus. The group I mGluRs, mGluR1 and mGluR5, are activated selectively by (S)-3,5-dihydroxyphenylglycine (DHPG). To identify which of these mGluR subtypes are responsible for the various actions of DHPG in area CA1, we took advantage of two novel subtype-selective antagonists. (S)-(ϩ)-␣-amino-a-methylbenzeneacetic acid (LY367385) is a potent competitive antagonist that is selective for mGluR1, whereas 2-methyl-6-(phenylethynyl)-pyridine (MPEP) is a potent noncompetitive antagonist that is selective for mGluR5. The use of these compounds in experiments with whole-cell patch-clamp recording and Ca 2ϩ -imaging techniques revealed that each group I mGluR subtype plays distinct roles in regulating the function of CA1 pyramidal neurons. The block of mGluR1 by LY367385 suppressed the DHPG-induced increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and the direct depolarization of CA1 hippocampal neurons. In addition, the increase in the frequency of spontaneous IPSCs (sIPSCs) caused by the DHPG-induced depolarization of inhibitory interneurons also was blocked by LY367385, as was the DHPG-induced inhibition of transmission at the Schaffer collateral3CA1 synapse.
On the other hand, the block of mGluR5 by MPEP antagonized the DHPG-induced suppression of the Ca 2ϩ -activated potassium current (I AHP ) and potentiation of the NMDA receptor. Finally, antagonism of the DHPG-induced suppression of evoked IPSCs required the blockade of both mGluR1 and mGluR5. These data suggest that mGluR1 and mGluR5 play distinct roles in the regulation of the excitability of hippocampal CA1 pyramidal neurons.
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Metabotropic glutamate receptors (mGluRs) have been implicated in a number of physiological and pathological responses to glutamate in CA1 hippocampal region. These include the modulation of neuronal excitability and synaptic transmission (for review, see Anwyl, 1999) as well as the induction of long-term potentiation (Bashir et al., 1993) , generation of epileptiform activity (Aronica et al., 1997; Merlin, 1999; Galoyan and Merlin, 2000) , and postischemic injury (Bond et al., 1999 (Bond et al., , 2000 Pellegrini-Giampietro et al., 1999) . The family of mGluRs is composed of three distinct groups that are based on sequence homology, pharmacology, and coupling to second messenger systems (for review, see Nakanishi, 1992; Schoepp and Conn, 1993; Pin and Duvoisin, 1995) . Although all three groups of mGluRs play roles in regulating hippocampal function (Anwyl, 1999) , group I mGluRs are especially important for the regulation of pyramidal cell excitability. The group I mGluRs include mGluR1 and mGluR5, both of which are activated selectively by ( S)-3,5-dihydroxyphenylglycine (DHPG), and couple to G q and to the activation of phosphoinositide hydrolysis.
The activation of group I mGluRs has a number of direct excitatory effects on CA1 pyramidal cells, including depolarization and increased cell firing (Charpak et al., 1990; Desai and Conn, 1991; Pedarzani and Storm, 1993; Davies et al., 1995; Gereau and Conn, 1995b; Mannaioni et al., 1999) . These effects have been ascribed to the activation of Ca 2ϩ -activated and Ca 2ϩ -independent cationic conductances (Crepel et al., 1994; Guerineau et al., 1995) and the inhibition of at least four different K ϩ currents. These include the AHP current (Charpak et al., 1990; Desai and Conn, 1991) , a leak current (Guerineau et al., 1994) , the M current (Charpak et al., 1990) , and a voltage-dependent slow-inactivating current (Luthi et al., 1996) . In addition, the activation of group I mGluRs increases CA1 pyramidal cell excitability by decreasing GABA-mediated inhibition (Desai and Conn, 1991; Gereau and Conn, 1995a; Fitzsimonds and Dichter, 1996) .
Immunocytochemistry studies reveal that mGluR5 is localized in CA1 pyramidal cells, whereas mGluR1a is not detectable (Baude et al., 1993; Romano et al., 1995) . Therefore, mGluR5 is thought to play a predominant role in regulating CA1 pyramidal cells. However, although mGluR5 is the most abundant group I mGluR in CA1 pyramidal cells, these cells also express mGluR1 mRNA Berthele et al., 1998) , and a recent immunohistochemical study with antibodies that react with all splice forms of mGluR1 revealed low levels of mGluR1 immunoreactivity in this region (Ferraguti et al., 1998) . Therefore, it is possible that both mGluR1 and mGluR5 participate in regulating CA1 pyramidal cell function.
We have used new pharmacological tools to determine the physiological roles of mGluR1 and mGluR5 in CA1 pyramidal cells. We report that both mGluR1 and mGluR5 participate in regulating synaptic transmission and pyramidal cell excitability in hippocampal area CA1. However, each of these group I mGluR subtypes has distinct physiological roles and shows little overlap. Thus, although mGluR1 and mGluR5 are highly homologous and display similar effector coupling, these receptors are functionally distinct when present in a single neuronal population.
MATERIALS AND METHODS

Materials. ( S)-
, and 2-methyl-6-(phenylethynyl)-pyridine (M PEP) were obtained from Tocris (Balwin, MO). QX 314 was purchased from Alomone Laboratories (Jerusalem, Israel). The cell-impermeant fluo-3 pentapotassium salt was obtained from Molecular Probes (Eugene, OR). All other materials were obtained from Sigma (St. L ouis, MO).
Electrophysiolog ical recording f rom rat hippocampal slices. Preparation of hippocampal slices was performed as described previously (Marino et al., 1998) . Young rats [Sprague Dawley, age postnatal day (P) P15-P20] were anesthetized deeply with isoflurane and decapitated. The brain was removed rapidly and submerged in an ice-cold artificial C SF (aC SF) of the following composition (in mM): 130 NaC l, 24 NaHC O 3 , 3.5 KC l, 1.25 NaH 2 PO 4 , 1 CaCl 2 , 3 MgC l, and 10 glucose saturated with 95% O 2 /5% CO 2 , pH 7.4. The hemisected brain was glued onto the stage of a vibrating microtome (Vibratome series 1000, Ted Pella, Redding, CA), and sections of 300 m thickness were cut and stored in an incubation chamber at room temperature for ϳ1 hr before use. The Emory University Institutional Animal C are and Use Committee approved all procedures.
Conventional blind and visually guided whole-cell patch recordings were obtained from CA1 pyramidal neurons both in voltage-clamp and in current-clamp configuration with an Axopatch 200A (Axon Instruments, Foster C ity, CA) and a pipette resistance of 5-7 M⍀. The solution used to fill the electrodes and the holding current in the voltage-clamp configuration varied with the different experimental approaches that were used as described below. The standard recording solution was composed of (in mM) 130 NaC l, 24 NaHC O 3 , 3.5 KC l, 1.25 NaH 2 PO 4 , 1.5 CaCl 2 , 1.5 MgC l and 10 glucose saturated with 95% O 2 /5% C O 2 , pH 7.4. All neurons included in this study had a resting membrane potential below Ϫ55 mV (Ϫ58 Ϯ 1.1; n ϭ 125) and an access resistance in the range of 10 -20 M⍀ that showed only minimal variations during the recordings that were included in this study. Records were filtered at 5 kHz and digitized at 20 kHz with a Digidata 1200 analog-to-digital board. All data were acquired, stored, and analyzed on a PC with the pC lamp and Origin software (Axon Instruments and Microcal Software, Northampton, M A, respectively) and the Mini Analysis Program (Synaptosoft, Leonia, NJ). In all of the experiments the drugs were administered by addition to the superf using medium and were applied for a sufficient period to allow for their f ull equilibration. All of the data were collected at room temperature (23-26°C).
Imag ing of fluo-3 fluorescence. In the calcium-imaging experiments the electrodes were filled with (in mM) 140 K-gluconate, 10 H EPES, 7 NaC l, 4 Mg-ATP, 0.3 Na 3 -GTP, and 100 M fluo-3. To eliminate synaptic activity, we added 1 M tetrodotoxin (TTX) to the aC SF. Throughout the experiments 15 msec, Ϫ5 mV voltage steps were applied at 30 sec intervals from a holding potential of Ϫ70 mV to monitor the holding current, series resistance, and membrane input resistance continuously. After entering whole-cell mode, the cells were maintained for ϳ20 min to allow for filling with fluo-3 before image acquisition. After the baseline period, DHPG was applied, and images were acquired every 5 sec after a 25 msec exposure to 450 -490 nm light. Fluorescence was recorded through a bandpass filter (500 -550 nm) with a Princeton Micromax camera (Trenton, NJ). Fluorescence intensity was measured in cell bodies by using the Axon Imaging Workbench program (v2.2.1; Axon Instruments) and expressed as F/F o , where F o is the fluorescence intensity before drug treatment. Increases in fluorescence Ͼ1.2-fold were considered to be real changes. Baseline fluorescence values possessed a peak F/F o ratio of 1.01 Ϯ 0.01 over a typical experiment (see Fig. 1C , filled bar). Peaks of F/F o ratio and of ⌬I holding during the DHPG application were used as a measure of the actions of DHPG to remove the variability associated with the time required for DHPG to reach cells at different depths in the slices (see Fig. 1C,D) .
Current-clamp e xperiments. Electrodes were filled with (in mM) 140 K-gluconate, 10 H EPES, 7 NaC l, 4 Mg-ATP, and 0.3 Na 3 -GTP. Standard aC SF was used with the addition of 1 M TTX. I-V relationship. Electrodes were filled with (in mM) 140 K-gluconate, 10 H EPES, 7 NaC l, 4 Mg-ATP, and 0.3 Na 3 -GTP. Standard aC SF was used with the addition of (in M) 10 M PEP, 1 TTX, 10 bicuculline, 25 C NQX, and 50 AP-5. Depolarizing pulses (Ϫ10 mV amplitude, 750 msec long) were applied periodically to monitor membrane conductance, and a chart recorder was used to monitor the holding current. The I-V relationship was assessed by ramping the membrane potential from ϩ10 to Ϫ130 mV (20 mV/sec) before drug application and at the time of maximal DHPG-induced inward current. Voltage-dependent calcium currents were inactivated by holding the membrane potential at ϩ10 mV for 1 sec before initiating the ramp.
Ca 2ϩ -activated potassium current (I A HP ) measurements. For measurement of I AHP the aC SF contained 0.5 M TTX, 1 mM tetraethylammonium (TEA), 10 M bicuculline, and 2.5 mM CaCl 2 . Electrodes were filled with (in mM) 140 K-methylsulfate, 10 H EPES, 2 Na 2 -ATP, 3 MgC l 2 , and 0.4 Na 3 -GTP. I AHP was elicited once every 60 sec by applying 100 -200 msec depolarizing steps to ϩ60 and to ϩ70 mV from a holding potential of Ϫ50 mV. This depolarizing step elicits a robust, unclamped Ca 2ϩ action current (Pedarzani and Storm, 1993; Stocker et al., 1999) , and I AHP was measured as the outward tail current that immediately followed the depolarizing step. The access resistance and the amplitude and time course of the C a 2ϩ current during the step were monitored continuously and showed only minimal variations during the recordings that were included in this study.
NMDA-evok ed currents. Measurement of NMDA-evoked currents was performed as described previously (Marino et al., 1998; Alagarsamy et al., 1999) . NMDA (100 M) was applied directly above the recording site by a modified U-tube application system. NMDA-evoked currents were recorded from a holding potential of Ϫ60 mV in slices bathed in aC SF containing 0.5 M TTX. The percentage of potentiation was defined by using the ratio of maximum current amplitude during DHPG application (I max ) to the average current amplitude of three trials immediately preceding the drug application (I base ) in the equation: % potentiation ϭ [((I max /I base ) Ϫ 1) ⅐ 100]. Patch solution was identical to the K-gluconate solution described above except that the K-gluconate was replaced with C s-methanesulfonate.
Measurement of IPSCs. For recordings of monosynaptic I PSC s and spontaneous I PSC s, electrodes were filled with (in mM) 120 C sC l, 10 H EPES, 4 Mg-ATP, 0.3 Na 3 -GTP, and 5 QX 314. I PSC s were evoked from a holding potential of Ϫ70 mV by stimulation at a frequency of 0.1 Hz through a bipolar stimulating electrode (240 m spacing; F HC, Bowdoinham, M E). Stimulating electrodes were placed within 100 m of the patched cell. The ionotropic glutamate receptor blockers AP-5 (50 M) and C NQX (25 M) were included in all of the I PSC studies. Because of the high intracellular chloride current, I PSC s were inward currents at Ϫ70 mV. Spontaneous I PSC s were detected automatically. Both the frequency and the peak amplitude of detected events were analyzed. The GABA A receptor blocker bicuculline (10 M) was added routinely at the end of experiments to verif y that both the evoked I PSC s and the spontaneous I PSC s were abolished completely, confirming that they were GABA A receptor-mediated.
Measurement of EPSCs and paired pulse facilitation recording. For the recording of evoked EPSC s and paired pulse facilitation, electrodes were filled with (in mM) 140 K-gluconate, 10 H EPES, 7 NaC l, 4 Mg-ATP, and 0.3 Na 3 -GTP. Pairs of EPSC s were evoked from a holding potential of Ϫ60 mV by stimulation at a frequency of 0.06 Hz with an interpulse interval of 100 msec. Stimuli were delivered through a bipolar stimulating electrode (240 m spacing; F HC) placed in the stratum radiatum within 100 m of the patched cell. Standard aC SF was used with the addition of bicuculline (10 M); a preventive cut between areas CA3 and CA1 was made to avoid recurrent excitation. The AM PA receptor blocker C NQX (25 M) was added routinely at the end of the experiments to verif y that the evoked EPSC s were abolished completely, confirming that they were AM PA receptor-mediated.
Statistical anal ysis. All numerical data are expressed as means Ϯ SEM. Data were analyzed statistically by paired or unpaired Student's t test or by the Kolmogorov-Smirnov test. A value of p Յ 0.05 was considered statistically significant.
RESULTS
The highly selective, noncompetitive mGluR5 antagonist MPEP has been shown previously to inhibit recombinant mGluR5 with an IC 50 value of 39 nM with no detectable effect on mGluR1-mediated responses at much higher concentrations (Gasparini et al., 1999) . The highly selective, competitive mGluR1 antagonist LY367385 has been found to block responses selectively to recombinant mGluR1a with an IC 50 value of 8.8 M and with no detectable effect on mGluR5-mediated responses (Clark et al., 1997) . Therefore, these compounds were used to determine which group I mGluR underlies the calcium responses and direct excitatory effects of DHPG onto CA1 hippocampal pyramidal neurons, as well as DHPG-induced modulation of the inhibitory transmission in CA1 hippocampal area.
mGluR1 mediates the DHPG-induced increase in [Ca 2؉ ] i and depolarization in CA1 hippocampal neurons
A common response to the activation of group I mGluRs that has been observed in both recombinant and native systems is the release of calcium from internal stores. Consistent with this and with previous studies in hippocampal pyramidal cells (Abe et al., 1992; Pozzo-Miller et al., 1996; Bianchi et al., 1999) , DHPG induced a robust increase in fluorescence in CA1 pyramidal cells that were loaded with the calcium-sensitive dye fluo-3. DHPG (30 M) elicited a robust increase in fluo-3 fluorescence in both the soma (Fig. 1 A,C, left panels, D) and the dendrites (data not shown) of all of the cells that were examined, suggesting that this treatment increases intracellular [Ca 2ϩ ]. Also consistent with previous studies (Guerineau et al., 1995) , simultaneous voltageclamp recordings in the same neurons revealed a DHPG-induced inward current in CA1 pyramidal cells (Fig. 1 B, left panel, E) .
Surprisingly, neither of these effects of DHPG was blocked by maximal concentrations of the mGluR5-selective antagonist MPEP (10 M) ( Fig. 1 A-C , middle panels, D,E), suggesting that mGluR5 plays little or no role in these group I-mediated responses. In contrast, the mGluR1-selective antagonist LY367385 (100 M) completely blocked the DHPG-induced increase in the fluo-3 fluorescence ( Fig. 1 A, C, right panels, D) and significantly reduced the DHPG-induced inward current ( Fig. 1 B, right panel, E) .
The DHPG-induced inward current underlies the previously described 1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) and DHPG-induced depolarization of CA1 pyramidal neurons recorded in current-clamp mode (Desai and Conn, 1991; Gereau and Conn, 1995b; Mannaioni et al., 1999) . Figure 1 F summarizes the depolarizing effect of 30 M DHPG application (⌬V m of 4.2 Ϯ 0.3 mV; n ϭ 18) on CA1 pyramidal cells. Consistent with the voltage-clamp studies, DHPG-induced depolarization was not blocked by 10 M MPEP (⌬V m of 4.6 Ϯ 1.1 mV; n ϭ 10) ( Fig. 1 F,  open bar) . Because the slight DHPG-induced inward current that remained in the presence of 100 M LY367385 could be sufficient for a substantial depolarization, we slightly increased the concentration of this competitive mGluR1 antagonist used in the currentclamp experiments. Consistent with the voltage-clamp studies, the DHPG-induced depolarization was blocked completely by 300 M LY367385 (⌬V m of 1.20 Ϯ 0.1 mV; n ϭ 5) (Fig. 1 F) .
In other brain regions, group I mGluR activation depolarizes neurons by modulating a variety of conductances. Notably, in hippocampal area CA3 DHPG depolarizes neurons by the inhibition of a leak potassium conductance (Guerineau et al., 1994) or by an increase in a nonselective cationic conductance (Guerineau et al., 1995) . The DHPG-induced inward current was associated with an increase in input resistance (⌬R in 9.3 Ϯ 1.8 M⍀; n ϭ 4) (Fig. 2 A) . This suggests that an inhibition of a leak potassium conductance is the most likely mechanism underlying this effect. We therefore examined the current-voltage relationship of the mGluR1-mediated inward current. Application of DHPG (30 M) in the presence of the mGluR5 blocker MPEP (10 M) induced a change in the slope of the whole-cell current-voltage relationship (Fig. 2 B) . Subtracting the predrug I-V trace from the trace in the presence of DHPG reveals a near-linear I-V relationship for the DHPG-induced current that reverses near the calculated potassium equilibrium potential in three of the four cells that were tested (Ϫ104.5 Ϯ 8 mV; n ϭ 3) (Fig. 2 B, inset) , suggesting that the activation of mGluR1 depolarizes CA1 pyramidal cells by an inhibition of a leak potassium conductance.
Taken together, these data suggest that the DHPG-induced increase in intracellular calcium concentration and the DHPGinduced inward current and depolarization in CA1 hippocampal neurons are mediated by mGluR1 and not by mGluR5. The finding that DHPG-induced calcium transients and depolarization of CA1 pyramidal cells is mediated by mGluR1 alone was surprising in light of previous studies that revealed that mGluR5 is expressed abundantly in these neurons. However, DHPG induces a number of other physiological responses in these cells, some of which could be mediated by mGluR5. Two of the most prominent effects of DHPG in these cells are the inhibition of I AHP and the potentiation of NMDA receptor currents. Thus, we determined the effects of the mGluR1 and mGluR5-selective antagonists on each of these responses to DHPG. As reported previously (Gereau and Conn, 1995b) , DHPG (30 M) suppressed I AHP in a reversible manner (73.2 Ϯ 3% of control) (Fig.   3A,C) . Application of the selective mGluR5 antagonist MPEP (10 M) completely blocked the DHPG-induced suppression of I AHP (Fig. 3B) , whereas the selective mGluR1 antagonist LY367385 (100 M) had no effect (Fig. 3C) . Neither of the antagonists had an effect on the amplitude of I AHP when applied alone.
We also investigated which group I mGluR subtype mediates the DHPG-induced potentiation of NMDA-induced currents. Consistent with previous studies (Aniksztejn et al., 1991 (Aniksztejn et al., , 1992 Fitzjohn et al., 1996; Pisani et al., 1997) , the bath application of DHPG (30 M) increased the peak amplitude of the current induced by fast local application of NMDA (100 M) (Fig. 4A, top  panels) . The potentiation of NMDA receptor currents was inhibited by preincubation with MPEP (Fig. 4 A-C) , but not by LY367385 (Fig. 4C) . 
The DHPG-induced increase in the frequency of spontaneous IPSCs is mediated by mGluR1
In addition to its direct actions on CA1 pyramidal cells, the activation of group I mGluRs impacts CA1 pyramidal cell excitability indirectly by regulating GABA-mediated inhibitory transmission. Two distinct effects of group I mGluR activation on inhibitory transmission can be seen in recordings from CA1 pyramidal cells. First, group I mGluR agonists induce depolarization and increase firing of inhibitory interneurons van Hooft et al., 2000) , leading to a robust increase in spontaneous IPSCs. Second, group I mGluR agonists reduce the amplitude of evoked monosynaptic IPSCs (Desai et al., 1994; Gereau and Conn, 1995a) . Activation of group I mGluRs does not alter the amplitude of miniature IPSCs, suggesting that the reduction of evoked IPSCs is mediated by a presynaptic action. However, analysis of the effect of mGluR activation on monosynaptic IPSCs is complicated by the high frequency of DHPG-induced spontaneous IPSCs. Thus, we took advantage of the mGluR1 and mGluR5-selective antagonists to determine whether we could differentiate between these two actions of DHPG. Figure 5A , left, shows examples of sIPSCs recorded under control conditions and during the bath application of 10 M DHPG. Similar to results reported previously in area CA3 (Miles and Poncer, 1993) and in rat frontal cortex (Chu and Hablitz, 1998) , the application of DHPG (10 M) increased the frequency of sIPSCs in all of the cells that were tested (n ϭ 4). These effects were reversible on drug washout from the recording chamber (data not shown). Preincubation with the mGluR5-selective antagonist MPEP (10 M) did not block the DHPG-induced increase in sIPSC frequency (Fig. 5A, middle) , whereas preincubation with the selective mGluR1 antagonist LY367385 (100 M) completely blocked this effect (Fig. 5A, right) . DHPG produced a leftward shift of the cumulative probability distributions of sIPSC inter-event intervals (Fig. 5B, left) , indicating a DHPG-induced increase in the frequency of sIPSCs. This effect was blocked by LY367385, but not by MPEP (Fig. 5B, right and middle, respectively). The average frequency was calculated for each cell, and the means of these values are shown in Figure 5D . Application of 10 M DHPG induced a significant increase in mean frequency (Fig. 5D, left) . Preincubation with either MPEP or LY367385 alone did not change the mean frequency of sIPSCs significantly; however, LY367385 blocked the DHPG-induced increase in sIPSC frequency, whereas MPEP was without effect (Fig. 5D , right and middle, respectively). In contrast, the application of 10 M DHPG alone or in combination with the subtype-selective antagonists produced no significant effect on sIPSC amplitude (Fig. 5C, left, middle, right) . This is consistent with the previously reported lack of effect of DHPG on mIPSC amplitude (Gereau and Conn, 1995a) and suggests that DHPG does not alter postsynaptic GABA A receptor currents.
Activation of both mGluR1 and mGluR5 reduces evoked monosynaptic IPSCs
The activation of group I mGluRs also has been demonstrated to induce a reduction in evoked monosynaptic IPSCs (Desai et al., 1994; Gereau and Conn, 1995a) . Consistent with this, the bath application of DHPG (10 M) produced a reversible depression of IPSCs by 80 Ϯ 4% (means Ϯ SEM) of baseline amplitude (Fig.  6 A,E) that was antagonized only partially by preincubation with LY367385 (100 M; 48 Ϯ 9% of baseline amplitude; means Ϯ SEM) (Fig. 6 B) or MPEP (10 M; 54 Ϯ 10% of baseline amplitude; means Ϯ SEM) (Fig. 6C) . However, preincubation with a combination of LY367685 (100 M) and MPEP (10 M) fully blocked the DHPG-induced suppression of evoked IPSCs (7 Ϯ 2% of baseline amplitude) (Fig. 6 D,E) . These data suggest that the group I mGluR-induced suppression of monosynaptic IPSCs is mediated by both mGluR1 and mGluR5. Therefore, DHPG induces an increase in sIPSC frequency by the activation of mGluR1 and an inhibition of evoked IPSCs by activation of both mGluR1 and mGluR5.
Activation of mGluR1 reduces evoked EPSCs via a presynaptic mechanism
Previous studies have demonstrated that multiple mGluRs modulate excitatory synaptic transmission. In particular, the group I-selective agonist DHPG has been shown to induce a presynaptically mediated depression of excitatory transmission at the Schaffer collateral3 CA1 synapse (Gereau and Conn, 1995a; Rodriguez-Moreno et al., 1998) . Consistent with these previous reports, 30 M DHPG induced a 54 Ϯ 5% (means Ϯ SEM) suppression in EPSCs evoked by electrical stimulation of the stratum radiatum (Fig. 7A) . We used LY367385 and MPEP to determine which of the group I mGluRs mediate this response. Interestingly, we found that the DHPG-induced suppression of transmission at the Schaffer collateral3 CA1 synapse was not affected by preincubation with MPEP (10 M) but was antagonized completely by the preapplication of LY367385 (300 M) (Fig. 7B,C, respectively) . Moreover, in experiments in which paired pulse facilitation was measured, DHPG induced a 46.3% increase in the paired pulse ratio (PPR), which was significant, and reversed with the washout of the drug (PPR predrug, 2.08 Ϯ 0.16; DHPG, 3.03 Ϯ 0.37; p Ͻ 0.05, paired t test; n ϭ 9) (Fig. 8) . This effect on PPR was antagonized by preincubation with 300 M LY367385 (DHPG alone, 46.3 Ϯ 15%; n ϭ 9; DHPG plus LY367385, 6.3 Ϯ 2.1%; n ϭ 7; p Ͻ 0.05; t test) but was not affected by 10 M MPEP (DHPG alone, 46.3 Ϯ 15%; n ϭ 9; DHPG plus MPEP, 32.4 Ϯ 10.4%; n ϭ 9; p Ͼ 0.05; t test) (Fig. 8) . Because an increase in PPR is generally indicative of a presynaptic mechanism, these results suggest that the mGluR1 activation suppresses excitatory transmission at the Schaffer collateral3 CA1 synapse via a presynaptic mechanism.
DISCUSSION
Previous studies have revealed that the activation of group I mGluRs has a number of actions on hippocampal CA1 pyramidal cells that increase excitability and synaptic excitation of these neurons. These include direct depolarization (Charpak et al., 1990; Desai and Conn, 1991; Davies et al., 1995; Mannaioni et al., 1999) , reduction in the slow afterhyperpolarization (Pedarzani and Storm, 1993; Abdul-Ghani et al., 1996) , and potentiation of NMDA receptor currents (Aniksztejn et al., 1991 (Aniksztejn et al., , 1992 Fitzjohn et al., 1996) . In addition, the activation of group I mGluRs decreases evoked synaptic inhibition in area CA1 (Gereau and Conn, 1995a) . This combination of effects can act to increase the net excitatory drive through this portion of the hippocampal circuit. Although the specific group I mGluR subtypes that mediate each of these effects have not been determined, mGluR5 has been considered to be the most likely candidate for the receptor responsible for the actions of group I mGluR agonists on CA1 pyramidal cells because of its high abundance in these neurons (Luján et al., 1996) . In addition, although some splice variants of mGluR1 are present at lower levels in CA1 pyramidal cells, it has been assumed that these two receptors serve similar roles because both mGluR1 and mGluR5 couple to G q and to the activation of phosphoinositide hydrolysis.
The most important finding of the present study is that mGluR1 and mGluR5 do not serve similar or redundant roles in CA1 pyramidal cells but, rather, that the roles of these receptors are highly segregated. The finding that DHPG-induced somatic calcium transients are mediated exclusively by mGluR1 was especially surprising, because both mGluR1 and mGluR5 couple to the activation of phosphoinositide hydrolysis and inositol trisphosphate-mediated calcium release in other systems. It should be noted that measurements of calcium transients in soma and proximal dendrites in these studies do not rule out the possibility that mGluR5 activation induces calcium release in small subcellular compartments (such as distal dendrites or spines) that were not detected in these studies. However, regardless of the reason for the lack of a calcium response to mGluR5 activation, these findings, along with the other data that have been reported, reveal that mGluR1 and mGluR5 display a high specificity of function when present in the same neuronal population.
Until recently, the selective tools required for determining the functions of mGluR1 and mGluR5 in native preparations have not been available. However, a growing body of literature suggests distinct roles for mGluR1 and mGluR5 when these receptors are present in the same neurons. For instance, neurons in the subthalamic nucleus (STN) contain both mGluR1 and mGluR5, and DHPG induces membrane depolarization and oscillations in these cells (Awad et al., 2000) . However, this response to DHPG is mediated exclusively by mGluR5, with no defined role for mGluR1. Conversely, GABAergic neurons in the substantia nigra pars reticulata (SNr) express both mGluR1 and mGluR5, but depolarization of these neurons is mediated exclusively by mGluR1 . At present, the roles of mGluR1 and mGluR5 in STN and SNr neurons, respectively, are not known. However, the studies that have been reported make it clear that these receptors are not playing redundant roles in these neuronal populations.
At present, the molecular mechanisms involved in the segregation of function of mGluR1 and mGluR5 are not clear. However, because these two receptor subtypes are generally capable of coupling to the same GTP effector proteins (i.e., G q ), it is possible that the receptors have differential access to signaling partners. For instance, mGluR1 might be localized in close proximity to leak potassium channels and inositol trisphosphate receptors, whereas mGluR5 is coupled functionally to NMDA receptors and potassium channels that are responsible for the AHP current.
Recent evidence suggests that mGluR5 and NMDA receptors may interact physically via interactions with a series of scaffolding proteins that include Homer, Shank, PSD-95, and others (Ehlers, 1999; Naisbitt et al., 1999; Tu et al., 1999) . A key component of this interaction is the binding of mGluR5 to Homer. Homer is known to interact with the group I mGluRs via a specific sequence found in the C-terminal portion of the receptor (Tu et al., 1998) . Although both splice forms of mGluR5 can bind to Homer, mGluR1a is the only mGluR1 splice form that contains the Homer binding domain (Houamed et al., 1991; Masu et al., 1991; Pin et al., 1992; Tanabe et al., 1992) . Because the mGluR1a splice variant is not present in CA1 pyramidal cells Hampson et al., 1994; Berthele et al., 1998) , the splice forms that are present in these neurons may not be capable of this interaction. It is conceivable that other signaling complexes exist that include mGluR1 and associated signaling partners. It is also possible that some of the differences between mGluR1 and mGluR5 actions are attributable to differential coupling to specific G-protein subunits that are present in CA1 pyramidal cells. Indeed, early studies in recombinant systems revealed that, whereas group I mGluRs couple primarily to G q , these receptors can couple to G s in several cell types (Aramori and Nakanishi, 1992; Joly et al., 1995) . Interestingly, some cell types are permissive for mGluR1 coupling to G s but restrict mGluR5 coupling to G q (Abe et al., 1992) . This suggests that the G-protein coupling of these two receptors is not identical and raises the possibility that the different actions of these receptor subtypes are defined in part by the G-protein subunits.
It is important to point out that our finding that the depolarization of CA1 pyramidal cells in rats is mediated by mGluR1 differs from the conclusion of Lu and colleagues (Lu et al., 1997) , who found that the depolarization induced by 1S,3R-ACPD is absent in CA1 pyramidal cells from mGluR5 knock-out mice. Although we do not have an explanation for this difference, it is possible that this represents a species difference between rats and mice. Also, it is possible that there is a developmental compensation in the knock-out animals such that the role of mGluR1 is altered in the absence of mGluR5 expression. Finally, there also might be a developmental regulation of the receptors that mediates this response. In the present studies we restricted our analysis to young animals (P15-P20). Group I mGluRs are known to be regulated tightly during postnatal development, and it is possible that the receptor that mediates this response could be different in the older animals used by Lu and colleagues (Lu et al., 1997) . In future studies it will be useful to use these new pharmacological tools in wild-type mice as well as in mGluR5 and mGluR1 knock-out animals across developmental stages to differentiate among these possibilities.
The finding that the DHPG-induced increase in the frequency of spontaneous IPSCs is mediated by mGluR1 is consistent with previous findings that mGluR1a is expressed heavily in the stratum oriens/alveus interneurons (Baude et al., 1993; Luján et al., 1996; Shigemoto et al., 1997) . The activation of group I mGluRs induces a robust depolarization of these neurons (Miles and Poncer, 1993; McBain et al., 1994; van Hooft et al., 2000) that could contribute to the DHPG-induced increase in sIPSCs. These findings must be kept in mind when interpreting the role that mGluR1 plays in the modulation of evoked IPSCs as demonstrated in the present study. It is possible that an mGluR1-mediated direct depolarization of interneurons effectively could reduce the ability of an electrical stimulus to evoke an IPSC without affecting transmitter release at the level of the terminal.
It has been known for some time now that the activation of group I mGluRs inhibits excitatory transmission at the Schaffer collateral3 CA1 synapse and that this inhibition of transmission occurs via a presynaptic mechanism (Gereau and Conn, 1995a; Rodriguez-Moreno et al., 1998) . However, it has been difficult to predict which group I mGluR might mediate this response, because immunocytochemical studies have not been able to detect mGluR1 or mGluR5 presynaptically localized in area CA1 (Baude et al., 1993; Luján et al., 1996; Shigemoto et al., 1997) . Interestingly, we have found that this decrease in excitatory drive through the hippocampal circuit is mediated by mGluR1. Presently, it is unclear whether the activation of presynaptic mGluR1 by glutamate release also would activate postsynaptic mGluR1 to mediate a localized increase in input resistance, depolarization, and Ca 2ϩ release. Understanding the temporal-spatial nature of synaptic mGluR1 signaling in CA1 pyramidal cells will be necessary before the role of this receptor can be appreciated fully.
Our finding that mGluR1 and mGluR5 play different and nonoverlapping roles in CA1 pyramidal cells has a number of physiological and therapeutic implications. For instance, selective antagonists of mGluR5 might be useful as novel anticonvulsant agents by selectively reducing mGluR-mediated disinhibition and inhibition of the AHP current. Such compounds would leave the mGluR1-mediated excitation of inhibitory interneurons intact, which could provide a therapeutic advantage. Consistent with this, it was reported recently that selective mGluR5 antagonists have robust anticonvulsant actions in rats (Chapman et al., 2000) . Conversely, the finding that mGluR5 is responsible for the potentiation of NMDA receptor currents raises the possibility that agonists of this receptor could be useful as cognitive-enhancing agents or novel antipsychotic agents that act by selectively enhancing NMDA receptor function. The combined use of mGluR1-and mGluR5-selective reagents for studies at the behavioral, systems, and cellular levels eventually should allow for a detailed understanding of the physiological roles and therapeutic ϩ Figure 8 . Preapplication of the mGluR1 antagonist LY367385 blocks the DHPG-induced increase in paired pulse ratio (PPR). A, Consistent with previous studies, the application of DHPG induces a significant and reversible enhancement of the PPR. This is evident both in the superimposed scaled traces (top panel ) and in the scatter plot illustrating the effect of DHPG on the average PPR in each experiment (bottom panel ). The DHPG-induced increase in PPR is not affected by preincubation with 10 M MPEP ( B) but is antagonized by the preapplication of 100 M LY367385 ( C). The traces represent averages of 40 EPSCs before DHPG, superimposed on an average of four traces obtained during the maximum DHPG effect. The traces are scaled to the peak value of the first EPSC to illustrate the DHPG-induced change in facilitation.
